This study aims at quantitatively evaluating the impact of material compositions on the elastic property (static Young's modulus) of oil-bearing mudstone and shale (MS). Six samples (two mudstone and four shale) from a Chinese continental basin (Bohai Bay basin) were investigated under different hydrostatic triaxial compression conditions. The primary findings of this study include the following: (a) the elastic property of MS rocks are sensitive to the hydrostatic confinement condition. In response, the MS Young's modulus gradually increases with increasing confining stress. (b) The mineralogical compositions impacting the MS Young's modulus primarily include quartz, plagioclase, calcite and clay. Overall, the total content of siliceous (calcareous) minerals has a positive (negative) effect on Young's modulus. Clay also contributes to the decrease of Young's modulus. (c) Due to its relatively low stiffness and strength, organic matter has a substantially negative impact on Young's modulus. (d) MS reservoirs that contain a high siliceous mineral content will be favorable to hydraulic fracturing. Finally, an empirical model evaluating MS Young's modulus was established by coupling Young's modulus with material compositions; the model shows a good fit with the experimental results. Thus, the MS Young's modulus is comprehensively affected by multiple constituents found in MS rocks and can be expressed as a function of material composition.
INTRODUCTION
As a prospective alternative to conventional petroleum resources, an increasing interest in shale oil evaluation has recently emerged (Zhang et al., 2012a; Liu et al., 2012; Lu et al., 2012; Zou et al., 2013; Tong et al., 2013; Sheng and Chen, 2014; Fu, 2014; Jing et al., 2014; Hakimi et al., 2014; Zhang et al., 2014; Luik et al., 2014; Dijkmans et al., 2015; Li et al., 2015; Liu et al., 2015) . The enormous resource potential of shale oil, (with a technical recoverable resource of (30-60) × 10 8 t (Zou et al., 2013) ) developing in mudstone and shale (MS) reservoirs in Chinese continental basins, has also received considerable attention. Many oil flow wells have successfully been drilled according to recent exploration practices (Zhang et al., 2012a; Zhang et al., 2014) . However, the special physical properties of MS reservoirs, such as their extremely low porosity and permeability, results in the difficulty of shale oil flow through tight reservoirs, causing low oil production . Consequently, shale oil development primarily depends on an effective hydraulic fracturing technique to improve the flow within MS reservoirs.
The mechanical properties (mainly including elastic moduli and strength) of rocks play a significant role in the hydraulic fracturing of MS reservoirs in terms of initiating and propagating the fractures (Josh et al., 2012) and thus impact both the efficiency of the fracturing methods and the flow of hydrocarbons to the wellbore (Eliyahu et al., 2015) . Using the elastic and strength properties of rocks, a variety of brittleness indices have been constructed to quantitatively evaluate rock brittleness (Hucka and Das, 1974; 1975; Altindag, 2002; Grieser and Bray, 2007; Rickman et al., 2008; Guo et al., 2012) , which can be used to assess the favorability of reservoirs for fracturing operations. For example, a brittleness index suggested by Grieser and Bray (2007) using Young's modulus and Poisson's ratio indicates that the rocks with a high Young's modulus and low Poisson's ratio will be brittle. In addition, Britt and Schoeffler (2009) concluded that shale with a static Young's modulus larger the 3.5 × 10 6 psi (approximately 20.684 Gpa) will be brittle. As one of the important elastic properties of rocks, Young's modulus has been intensely studied during the few last decades. Conventional evaluation of Young's modulus was mainly performed with the aid of uni-or tri-axial compression and acoustic velocity tests (Eissa and Kazi, 1988; Hornby, 1998; Stanley and Christensen, 2001; Sarout et al., 2007; Khandelwal and Singh, 2009; Abousleiman et al., 2010; Dewhurst et al., 2011; Maleki et al., 2014; Dembicki and Madren, 2014) . Commonly the determination of the static Young's modulus using a compression test is an expensive and time-consuming endeavor. As proposed in previous works, the dynamic Young's modulus calculated by acoustic velocities also needs to be converted into the static Young's modulus based on the relationships between the two Young's moduli (Eissa and Kazi, 1988) . Recently, some researchers have investigated the nano-micron mechanical properties of shale by using nanoindentation (Ulm and Abousleiman, 2006; Bobko and Ulm, 2008; Ahmadov et al., 2009; Zargari et al., 2013) and atomic force microscopy (AFM) techniques (Trtik et al., 2012; Eliyahu et al., 2015) . To date, the factors impacting the MS elastic property have been revealed, primarily including micro/macro-structures (Josh et al., 2012) , inorganic mineralogical composition (Mondol et al., 2007; Ding et al., 2012; Eliyahu et al., 2015) , organic matter (Eliyahu et al., 2015) , fluid media (Valès et al., 2004; Al-Bazali et al., 2008a; Abousleiman et al., 2010; Zhang et al., 2012b) , confining stress (Sarout et al., 2007; Abousleiman et al., 2010) , strain rate (Cook et al., 1990; Al-Bazali et al., 2008b) , temperature (Masri et al., 2014) , pore pressure (Al-Bazali et al., 2008b) , porosity (Lashkaripour, 2002; Mondol et al., 2007) , as well as others.
In previous research, a large number of evaluations of the mechanical properties of MS reservoirs were performed for the purpose of dealing with well borehole stability problems. With the exploration and development of oil-gas in MS reservoirs, the increasing significance of hydraulic fracturing leads to the need for a deeper understanding of the MS mechanical properties. Compared with shale, mudstone usually lacks a bedding plane. However, both mudstone and shale rocks are extremely heterogeneous with porous microstructures and multiple constituents. This presents a challenge for the accurate evaluation of MS mechanical properties. In addition, continental MS reservoirs in China are characterized by a high clay content, which is significantly different from the marine shales in the USA (Britt and Schoeffler, 2009; Tang et al., 2014) . Due to the complex mineralogical composition of Chinese MS rocks, selecting a favorable zone for the implementation of a hydraulic fracturing project is difficult. This paper focuses on the elastic properties under different hydrostatic confinement conditions for oil-bearing MS from the Dongying depression of the southeast Bohai Bay basin in China, where abundant shale oil was developed in MS reservoirs. By investigating the impact of the inorganic and organic compositions on the MS Young's modulus, an evaluation model of the Young's modulus was tentatively established. This study will be useful for the future exploration and exploitation of Chinese shale oil resources.
EXPERIMENTAL WORK
A total of six bulk MS samples were obtained from the drilling cores of three wells (Fan169, He88, and Yong556) ( Table 1 ) that were geologically located at the Palaeogene Shahejie Formation in the Dongying depression of the southeast Bohai Bay basin of China. This is considered to be one of the best areas for shale oil development in China. Each sample was adequately cleared and then used for laboratory experiments. Undoubtedly, fluid media within the samples was partially lost and varied compared with that of in situ conditions. For simplification, the tests in this study were performed on samples in a natural saturation state (i.e., including residual hydrocarbons and formation water) considering that (a) both the dehydration and resaturation will change the micro-or macro-structure within MS rocks (Horsrud et al., 1998; Abousleiman et al., 2010; Masri et al., 2014) ; (b) resaturation is difficult due to the extreme compaction of MS rocks. The objective of the study was to investigate the MS elastic property under different hydrostatic confinement (i.e., confining stress) conditions and its response to material compositions. Thus, the experimental work was subdivided into three primary procedures: a hydrostatic triaxial compression test, inorganic mineralogical composition test and organic matter analyses.
Prior to the triaxial comprehensive tests, shale samples were uniformly cut parallel to the thin lamina, whereas mudstone samples were cut along an arbitrary direction into cylindrical cores. The length and diameter of the cores were measured using a micrometer, and the core weight was measured using a precise electronic balance. The hydrostatic triaxial compression test was performed at the Rock Mechanics Laboratory of China University of Petroleum (Beijing, China). The experimental setup mainly includes two independent systems of stress control and stress-strain monitoring (Fig. 1) . The stress on the core was governed by a control system linked to a computer. The triaxial cell was connected to a hydraulic pump to provide the confining stress. Under five constant confining stress (1, 5, 10, 15, and 20 MPa) conditions, axial stress was applied with a constant loading rate of 0.005 mm/min to investigate the elastic deformation. Especially under the 20 MPa confining stress condition, a continuous stress was applied until the failure of the core. During the stressing processes, the real-time axial (radial) strain in the core was monitored by using four axial (four radial) strain gauges. The measured data were captured by a data acquisition system and subsequently output into the computer. The tests were conducted at a constant ambient temperature of 25 ℃.
The rest of the samples were smashed and then subdivided into four parts for an evaluation of the characteristics of the organic and inorganic compositions, involving (a) the extraction of chloroform bitumen "A" (i.e., soluble organic matter, composed of saturated hydrocarbon, aromatic hydrocarbon, non-hydrocarbon, and asphaltene), (b) evaluation of the residual organic carbon, (c) determination of the type and vitrinite reflectance of kerogen, and (d) determination of the mineralogical composition with an X-ray diffraction (XRD) test. The total organic matter content, including the soluble organic matter and the kerogen at a solid phase, is difficult to exactly determine due to the difficulty in achieving sufficient separation of kerogen and complete extraction of chloroform bitumen "A". As for the former, the separation of kerogen from the often intimately associated pyrite is always a problem (Okiongbo et al., 2005) . The latter is closely related to the precision and efficiency of the extraction test and can result in the existence of residual hydrocarbon, particularly in isolated void spaces. Thus, in this study, a screening sample was conducted for the extraction of chloroform bitumen "A" and was then conducted on the measurement of total residual organic carbon (TROC) for the same sample. During this process, the extraction test was performed by means of a commonly used Soxhlet Extractor. The TROC content was determined by a Carbon-Sulfur Analyzer using the standard of GB/T 19145-2003. However, it should be noted that the program leads to a relatively smaller organic matter content. Additionally, experiments were performed to determine the random vitrinite reflectance and type of kerogen using a microscope, following the standard of DZ 53-87 and SY/T 5125-1996, respectively. The mineralogical composition can easily be obtained by XRD analysis utilizing a D2 PHASER instrument by the standard of SY/T 5163-2010. The measured results are presented in Tables 1 and 2. 3. RESULTS AND DISCUSSION 3.1. Elastic properties under different confining stress conditions Generally a continuous stress-strain curve obtained from a triaxial compression test is primarily composed of five deformation processes, including initial compressive deformation, linear (or elastic) deformation, nonlinear (plastic) deformation, damage near peak strength, and final strain softening until a constant residual strength. For the MS rocks studied, the stage of initial compressive deformation does not exist under high confining stress conditions (i.e., larger than 5 MPa), whereas most of the samples undergo compressive deformation under a 1 MPa confining stress condition (Fig. 2) . Moreover, a short elastic deformation process occurred on the stress-strain curve and is subsequently accompanied by a long plastic deformation in response to the axial applied stress, such as that shown in Fig. 2a . Furthermore, a brittle failure phenomenon was observed during the triaxial compression test. In brittle failure, a peak stress will be observed after which the stress decreases with increasing strain. However, compared with the brittle behavior of shale reported by Dembicki Jr. and Madren (2014), the failure of the oil-bearing MS in this study is relatively plastic with a fluctuant stress variation after failure. In addition, a continuous deformation occurs in mudstone samples (FB and HC) as the stress reaches the compressive strength compared with the shale samples of FA, YD, YE and YF. This may be because that the shale develops a thin lamina compared with the mudstone rocks. Confining stress applied on the core plays a significant role on the elastic property, which has been generally accepted (Abousleiman et al., 2010) . It follows that Young's modulus is distinct under different confining stress conditions. In this study, a static Young's modulus for MS was quantitatively determined from the tangent slope of the initial linear part of the axial stress-strain curve obtained from the triaxial compression test, as listed in Table 3 . Overall, Young's modulus values varied from 12.319 to 26.782 GPa under confining stress conditions of 1-20 MPa and showed substantial scatter for different samples or confining stress conditions. In Fig. 3a , Young's modulus gradually increases with increasing confining stress. This is because as confining stress increases, the gradual compaction for the MS will enhance the rock stiffness and strength, resulting in a decrease in the deformation for the same axial stress variation (Abousleiman et al., 2010; Al-Bazali et al., 2008b) . The Young's modulus increases in a non-linear manner with increasing confining stress, but is positively related to the logarithm of the confining stress, and can be expressed as: (1) where E is the Young's modulus, GPa; a is a dimensionless coefficient; and b is a coefficient, GPa.
Impact of the material composition on the Young's modulus 3.2.1. Mineralogical composition
The MS rocks studied comprise a diverse assemblage of inorganic mineralogical compositions, primarily including clays (mean 40.1%), quartz (mean 24.22%), calcite (mean 18.4%), and feldspar (mean 7.9%). Some samples had small traces of dolomite, siderite, pyrite, and ferrodolomite. For the different mineral phases developed in the MS rocks, their Young's modulus values are obviously varied, which is closely associated with the nature of mineral matters. Young's modulus values of pyrite, quartz, and calcite have ranges of 250-312 GPa, 77-96 GPa, and 74-83 GPa,
respectively (Mavko et al., 2009) . Clays have shown a range of 21-55 GPa in a number of previous studies (Castagna et al., 1985; Han et al., 1986; Katahara, 1996; Wang et al., 2001) . Eliyahu et al. (2015) obtained Young's modulus of isolated grains in shales by using an AFM technique, of which quartz has a mean modulus value of 63 ± 8 GPa and calcite has an average value of 53 ± 6 GPa. In general, with respect to the three main minerals, Young's modulus gradually increases for clay, calcite and quartz. Impacts from the different mineralogical compositions on the Young's modulus are shown in Fig. 4 . It can be seen that the single mineral phase has a significant effect on Young's modulus, especially for quartz, plagioclase, calcite and clay minerals. Overall, the quartz and plagioclase contents positively impact MS Young's modulus, whereas Young's modulus increases with decreasing calcite content. This result is consistent with that from the study of Diao (2013), in which the Young's modulus is positively (negatively) proportional to the quartz (calcite) content by numerical simulation. For analyzing the comprehensive effects of all of the minerals on Young's modulus, the mineralogical compositions were divided into four primary mineral types, composed of siliceous (quartz and feldspar), calcareous (calcite and dolomite), ferruginous (pyrite, siderite and ferrodolomite) and clay minerals. The results showed that for MS rocks with proximate clay contents (32.8-39.8%), Young's modulus increased (decreased) with increasing siliceous (calcareous) mineral content ( Fig. 5a and 5c ). The mudstone (sample HC) with a high clay content (55.5% in this study), caused Young's modulus to decrease to a certain degree despite its high siliceous and low calcareous mineral content (Fig. 5b) . This is consistent with some studies that indicate that clay content of 40% or greater could be challenging because the clay would make the rock too ductile for successful hydraulic fracturing (Jarvie et al., 2007; Wang and Gale, 2009 ). Britt and Schoeffler (2009) also showed that a high Young' modulus for shale corresponds to a low clay content. Comparatively, the impact of ferruginous minerals is weaker due to the lower content in MS rocks (Fig. 5d) .
Organic matter
Oil-bearing MS is typically characterized by containing organic matter (e.g., kerogen, hydrocarbon, etc.). In this study, (1) to 2.87% (averaging 1.67%) and is relatively lower (higher) for samples from well Fan169 (Yong556); (2) The mechanical properties of organic matter strongly affect the elastic property of the oil-bearing MS. As shown in Fig. 6a , it can be seen that Young's modulus decreases in a power exponent manner along with increases in the TROC content. This is because organic matter developed within MS has a relatively smaller Young's modulus and often occupies the submicron-scale intergranular pore space (Eliyahu et al., 2015) , which reduces the total stiffness and strength for MS rocks. Eliyahu et al. (2015) utilized the AFM technique to investigate the mechanical properties of organic matter and inorganic components (pyrite, quartz and clay) at the nanometer scale for thermally mature Type II/III shales and demonstrated that the softest phase, with a Young's modulus of 0-25 GPa, corresponds to carbon-rich areas. This also indicates that softer compositions have smaller Young's modulus values compared with inorganic matter that has a larger Young's modulus.
In addition, a variety of hydrocarbon is generated during thermal maturation. Most void (pore-fractures) space is saturated by fluids, including hydrocarbon and the formation of water, of which hydrocarbon may be the softest part within the MS rocks. Zargari et al. (2013) reported that extruded bitumen exhibit Young's modulus values as low as 2 GPa. In this study, residual hydrocarbon was extracted through the use of trichloromethane. The results showed that the increase of the chloroform bitumen "A" content resulted in the decrease in the Young' modulus in a power exponent manner (Fig. 6b) . Thus, the total organic matter developed is an important contribution to the MS Young's modulus decrease.
Evaluation model for the Young's modulus
The constituent variation for MS rocks usually occurred during the processes of diagenesis and thermal evolution. As the burial depth of MS reservoirs increases: (a) the mineralogical compositions obviously vary, such as the conversion of smectite to illite (Dembicki and Madren, 2014) ; (b) the compaction of clay mineral aggregates results in the orientation arrange of both the mineral particles and texture within the clay (Horsrud et al., 1998; Mondol et al., 2007; Popp and Salzer, 2007) . Simultaneously, the characteristics of organic matter are also altered by thermal evolution during the burial process. In this study, it also can be seen that mineralogical and organic compositions vary with burial depth (Table 1, Fig. 4 ). These inorganic and organic changes will cause a variation in the rock's elastic property, which causes evaluations and predictions of MS Young's modulus to be difficult. Based on the understanding of MS rocks, an innovative method of evaluating MS Young's modulus was proposed by coupling Young's modulus with the material composition. For the previous method of evaluating Young's modulus by means of acoustic velocities, it has been revealed that the larger the acoustic velocity, corresponding to the larger density, the larger the elastic property of rocks (Maleki et al., 2014) . Bobko and Ulm (2008) also reported that the indentation modulus increases with increasing packing density for the clay phase in shale, a result that was obtained using the nanoindentation technique. Thus, it can be seen that Young's modulus is closely related to the rock density that is an apparent parameter reflecting the rock constituents affected by burial depth (or thermal evolution). As shown in Fig. 7 , Young's modulus of mudstone has a very proximate variation trend with density. Based on this phenomenon, we proposed to evaluate the MS Young's modulus by the material composition of MS rocks.
The MS samples utilized for the triaxial compression test in this study were ideally considered to be composed of inorganic (e.g., siliceous, calcareous, ferruginous and clay minerals) and organic (e.g., kerogen and residual hydrocarbon) matter, water and pore-fractures (Fig. 8a) . Compared with the real MS core used in the experiment, the voids developed within the MS were ignored due to the extreme compaction at the stage of elastic deformation for the triaxial compression conditions of a confining stress of no less 5 MPa, as mentioned above. In addition, the weight of the total organic matter was replaced the TROC (carbon is the main element in organic matter) Figure 7 . Distributions of the Young's modulus, burial depth, vitrinite reflectance and rock density for mudstone and shale. and chloroform bitumen "A". This shows the impact of organic matter on MS Young's modulus. Thus, with respect to the simplified model (Fig. 8b) , a relationship was established as follows: (2) where C i is the weight percentage of the constituent i (i = 1, clay; i = 2, siliceous mineral; i = 3, calcareous mineral; i = 4, ferruginous mineral; i = 5, chloroform bitumen "A"; i = 6, residual organic carbon), wt.%. Further, Young's modulus under different confining stress (5, 10, 15 and 20 MPa) conditions can be obtained by multivariate regression analysis based on the principle of the least square method and is mathematically expressed as the following:
where E j is the Young's modulus under a confining stress of j ( j = 5, 10, 15 and 20 MPa), GPa; a i and c are the coefficient (i = 1, 2, 3, 4, 5, and 6, respectively).
The coefficients obtained are presented in Table 4 . Through the established evaluation model, Young's modulus was calculated for different confining stress conditions and is very close to the measured values (Fig. 9 ). This also indicates that the MS elastic property is comprehensively impacted by the multiple material compositions. Compared with other methods evaluating the Young's modulus, such as triaxial compression and acoustic tests, the acquisition of the material composition is a relatively easy and simple task. Thus, the method proposed in this paper can be put into use conveniently.
CONCLUSIONS
This study has shown the elastic property and Young's modulus of the Chinese oilbearing mudstone and shale (MS) under different hydrostatic confinement conditions.
(1) The elastic property of MS rocks is distinct under different confining stress conditions. MS Young's modulus can be expressed as a function of the logarithm of the confining stress. (2) MS Young's modulus is mainly impacted by quartz, plagioclase, calcite and clay. For the mineralogical compositions, Young's modulus is positively (negatively) associated with siliceous (calcareous) minerals. A high clay content will lead to a low Young's modulus. (3) Organic matter (i.e., chloroform bitumen "A" and residual organic carbon) obviously has a negative influence on MS Young's modulus. (4) Based on the impact of the material compositions on the Young's modulus, an empirical model was established for evaluating MS Young's modulus. Figure 9 . Relationship between the calculated and measured results.
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